T he localization of atherosclerosis at arterial bends and branch points suggests a role for hemodynamics in the pathogenesis of this disease. 12 ' 3 Much effort has focused on the effects of hemodynamic shear stress on endothelial cells, since these cells are thought to play a pivotal role in atherogenesis. 4 In vivo studies have shown that the shape and orientation of endothelial cells is determined primarily by the blood flow. 6 -8 In vitro studies have demonstrated that flow-related shear stress alters various aspects of endothelial cell structure and function, including cytoskeletal organization, 9 histamine synthesis, 10 pinocytosis, 11 prostacyclin synthesis, 12 ' 13 and K + channels. 14 Moreover, some alterations in vasomotor tone are mediated by the effects of shear stress on endothelium through the release of agents such as endothelial-derived relaxing factor 15 and, possibly, endothelin.
purported roles in cell migration, cell adhesion, and maintenance of cell shape. 17 These processes are influenced by hemodynamic stress, possibly through effects on microfilaments. In situ localization of these cytoskeletal structures has shown that they are generally present as a continuous band around the periphery of cells and as mlcrofilament bundles, or "stress fibers," in the central portion of cells. 181820 Some studies have demonstrated that the central microfilament bundles in endothelial cells are more numerous in regions of the arterial vasculature exposed to elevated shear stress. 18 - 21 More recently, Kim et al. 22 found that the endothelial cells at sites of elevated shear levels in the normal rabbit aorta showed profound alterations in F-actin microfilament organization. The peripheral microfilament band was disrupted, while the centra] microfilament bundles were markedly increased in thickness and length. However, these studies only demonstrated a correlation between shear stress levels in vivo and F-actin microfilament organization, not a cause-andeffect relationship. The objective of the present study was to test the hypothesis that alterations in hemodynamic shear stress in vivo cause reorganization of the F-actin microfilament system in endothelial cells. Coarctation of the rabbit abdominal aorta was used to alter shear stress, 23 and a new in situ staining technique 22 was used to localize F-actin in situ in the endothelial cells.
Methods
Coarctations were performed on 10 male New Zealand White rabbits each weighing between 2.5 and 3.5 kg as previously described. 23 Briefly, the rabbits were anesthetized with an intramuscular injection of 1 mg/kg xylazine and 45 mg/kg ketamine. After the mkJabdominal aorta was exposed, a length of 000 silk suture was passed under the aorta at a point midway between the left renal artery and the aortic bifurcation, and this was tied so that the aorta was constricted by about 60% of its original diameter. Then the incision was closed. In two sham surgeries, the suture was tied very loosely around the aorta so as not to constrict the vessel. All rabbits were maintained on a standard chow diet (Ralston-Purina, Woodstock, Canada).
This model has been characterized previousfy. 23 Briefly, three zones of altered flow are generated ( Figure 1 ). Zone I immediately upstream from the coarctation is characterized by stable flow, which accelerates as it approaches the coarctation. The increased velocity due to the converging flow increases wall shear stress in this region. Zone II, which is immediately downstream of the coarctation, is characterized by small irregular vortices that vary in size and direction. Zone III is represented by a primary annular vortex in which the high centerilne flow velocities are directed downstream, and the flow velocitJes near the wall are directed upstream.
The rabbits were sacrificed 2 weeks after the coarctations were performed. Before sacrifice, 1000 units of heparin sodium (Organon Canada Incorporated, Toronto) was infused Into the rabbits via an ear vein catheter. The animals were sacrificed 1 minute later by infusion of 1 ml of euthanasia solution containing 200 mg/ml N-[2-{m-methoxyphenyl)-2-etr^butyl-(1)]-hydrcixybutyramide, 50 mg/ ml 4,4'-methylene-bis-(cyclohexyltrimethylammonium iodide), 5 mg/ml tetracaine hydrochloride (T-61, Hoechst Canada Incorporated, Montreal) into the same ear vein catheter. After rapid thoracotomy, a cannula was introduced into the ascending aorta and advanced to the mid-descending thoracic aorta. A small catheter connected to a column of water was introduced into the left femoral artery for monitoring of the perfusion pressure. After a brief flush with 60 ml of phosphate buffered saline (PBS), the aortas were perfusion-fixed at a pressure of 100 mm Hg for 15 minutes with 3% paraformaldehyde in 0.1 M phosphate buffer, 1 mM MgCI 2 , 0.1 mM CaCI 2 (pH 7.4). A 15-minute PBS wash at 100 mm Hg followed, then the arterial system was permeabilized by perfusion with Triton X-100 (Sigma, St. Louis, MO). Optimal staining of the endothelium with minimal background staining was obtained when a solution of 0.2% (vol/vol) Triton X-100 was slowly infused with a syringe, so that it took approximately 20 to 30 seconds to deliver 30 ml of the solution. This was followed by a 10-minute PBS wash at 100 mm Hg pressure. The tissue was then stained to localize both F-actin and the nucleus with the fluorescent dyes, rhodamine phalfokiin (Molecular Probes, Junction City, OR) and bisBenzimide (Hoechst No. 33258, Sigma, St. Louis, MO), respectively. Stock solutions of both reagents were diluted together in one flask with PBS to obtain final concentrations of 24.75 nM rhodamine phalloidin and 5 /ig/ml bisBenzimide in a total volume of 100 ml. This solution was infused into the rabbits via a peristaltic pump (LKB, Bromma, Sweden) at a flow rate of 4.3 ml/minute. This was followed by a 15-minute PBS wash at 100 mm Hg pressure. The abdominal aorta between the left renal artery and the aortic bifurcation was gently excised and cleared of adventitia The tissue was cut into segments 5 mm in length and was opened and mounted on a glass slide in glycerol/PBS (1:1) under a glass coversllp. The orientation with respect to the direction of blood flow was noted. The tissue samples were examined with a Zeiss Photomicroscope III equipped with epifluorescence optics. Zeiss filter sets 47714 and 487702 were used for rhodamine phalloidin and Hoechst 33258, respectively.
Results

Normal Abdominal Aorta
As previously described, 22 endothelial cells in the normal abdominal aorta away from branch points were elongated and oriented in the direction of flow (Figure 2A ). The cells were characterized by a continuous circumferential band of microfilaments and variable numbers of short bundles of central microfilaments.
Coarcted Aorta
Zone I
Endothelial cells in the region immediately upstream of the coarctation site contained long, thick prominent microfilament bundles as well as thinner long bundles all parallel to one another and oriented in the direction of flow ( Figure 2B ). Previous scanning electron microscopy showed that endothelial cells In this region are very elongated. 23 The continuous circumferential band of microfilaments was not seen. Branching of some bundles was seen at the ends of the bundle at both upstream and downstream ends.
Zone II
In the zone 0 to 3 mm downstream of the coarctation, rhomboid-like cells were intermixed with slightly elongated cells of random orientation. Some cells were aligned along the long axis of the vessel, while others were oriented at all angles to the long axis including at 90 degrees. All cells in this zone displayed continuous peripheral microfilament bundles. Central microfilament bundles, longer than those in the normal abdominal aorta, were present in most cells ( Figure 2C ) and were generally oriented in the direction of the long axis of the cell, although individual stress fibers within a cell were not always parallel with one another. Stress fibers were distributed throughout the length and the width of the cells. There was no polarization of central stress fiber distribution. 
Zone III
Cells between 3 and 13 mm downstream of the coarctation showed prominent F-actin microfilament bundles (Rgures 2D and 3B), many of which had a wavy or corkscrew appearance. We previously described similar microfilament bundles in endothelial cells at flow dividers. 22 The thick-and-thin bundles were oriented parallel to the long axis of the cell. The endothelial cells in this area have been shown by scanning electron microscopy to be of the same shape and size as those of the normal abdominal aorta. 23 The continuous circumferential band of microfilaments was not observed. Concurrent staining of the nuclei ( Figure 3A) showed that the prominent microfilament bundles traverse through the central aspects of the endothelial cells, frequently passing over or under the nucleus ( Figure 3B ). Although some of the prominent microfilament bundles may be located at the cell peripheries, the continuous ring of microfilament bundles outlining cell boundaries in the control aortas was not observed in this region. In some instances, microfilament bundles, which appeared to transgress two adjacent nuclei, were seen. At distances of greater than 13 to 15 mm downstream of the coarct, the cells displayed F-actin microfilament patterns similar to those of normal abdominal aorta endothelial cells.
Sham-operated animals exhibited endothelial cell F-actin microfilament patterns that were not different from control animals.
Discussion
The limited number of studies of endothelial cell F-actin distribution in situ have reported increased numbers of stress fibers at sites exposed to unusual hemodynamic stresses. 18 - 21 Furthermore, experiments assessing the effects of highly controlled shear stresses imposed on cultured endothelium have demonstrated that shear can induce formation of increased numbers of stress fibers in vitro. 9 - 24 More recently, we have demonstrated that regions normally exposed to high shear in vivo can exhibit striking, qualitative differences in F-actin distribution, rather than simply increased numbers of stress fibers. 22 Specifically, we showed that the localization of F-actin at the cell periphery was lost, and that this coincided with the formation of giant stress fibers that were many times the length and thickness of those found in cells exposed to more moderate shears.
The current study is the first to demonstrate that changing flow conditions in vivo cause reorganization of the endothelial cell microfilament system. Cytoskeletal and shape changes that occurred in the three zones adjacent to coarctattons were related to the new hemodynamic shear conditions in a consistent manner. Shears cannot be measured in the rabbit aorta, but a Poiseullle flow assumption can provide a first approximation. Accordingly, a 60% reduction in diameter at the coarctation site translates into a 15-fold increase in the shear stress immediately upstream of the coarctation. The elongated endothelial cells in this region developed very long and thick stress fibers and lost the continuous band of peripheral microfilaments seen in the normal rabbit aorta. Thus, F-actin was redistributed so that it resembled the pattern we reported previously for regions of naturally occurring high shear. 22 A similar redistribution of F-actin was observed in Zone III of the coarctation. Flow-modeling studies indicate that shears are also elevated in this region, although only to about twice those occurring in the normal aorta. 26 In many cell types, the central microfilament bundles are often located in the basal portion of cells, 26 -32 with one end associated wtth sites of focal contacts with the substratum, 333435 which are believed to be localized sites of cell anchorage. The central microfilament bundles may generate isometric tension by pulling against these points of tight adhesion to the substratum.
3 * The central postulate of this study is that shear induces the net redistribution of actin from the cell periphery, where it may be involved In cell-cell adhesion 37 -38 and regulation of intercellular permeability 39 to the central portion of the cell, where it forms large, prominent stress fibers that are important in cell-substrate adhesion.
3334 - 36 -3840 The increase in both the length and thickness of stress fibers we observed may be a cellular adaptation that increases cell adhesion to the substratum to withstand shearing forces and maintain endothelial integrity.
Frequently, the prominent central microfilament bundles give the appearance of traversing two adjacent cells, since what appeared to be one bundle extended between two nuclei. This is most likely the result of a central microfilament bundle from one cell being in alignment with that of an adjacent cell at the cell junctions. It is possible that this coordinated organization of F-actin in adjacent cells may give the endothelium added stability.
WysolmersW and Lagunoff 39 have observed the redistribution of F-actin microfilaments that resembles reorganization produced by high shear, when cultured endothelial cells are treated with ethchlorvynol, a drug that increases endothelial permeability. Gotlieb et al. 41 also observed prominent central microfilament bundles and an absence of the peripheral band of microfilaments in migrating endothelial cells at the leading edge of a denuded endothelial monolayer. The conclusion to be drawn from our studies, Wysolmerski and Lagunoffs studies, and endothelial repair studies is that this actin redistribution is a stereotypic response to a number of stimuli that may reflect the diverse functions of actin. The consistent loss of peripheral actin when large stress fibers are formed suggests that pre-existing F-actin is being reorganized. However, we cannot rule out the possibility that de novo synthesis of actin may also be stimulated.
Although the changes in cell shape coincided with the reorganization of microfilaments in Zone I, it appears that there is no obligatory link between the two. In Zone II, cells were rounded and oriented in a random manner, which is consistent with flows organized into transient low velocity vortices. 23 Although the cells in this region differed in shape from the cells of control abdominal aorta, the cytoskeletal pattern was similar. A prominent circumferential band of microfilaments and short, thin central microfilament bundles were both observed. In addition, a moderate elevation of shear rates in Zone III was not sufficient to cause significant shape change in this region. 23 Nonetheless, F-actin microfilament reorganization occurred and resembled that observed in regions of higher shear stresses where cell shape is also influenced. These findings are consistent with those of Franke et al. 9 who showed that cultured endothelial cells develop stress fibers at shears that do not have any effect on cell shape.
In summary, experimental alteration of shear stresses in vivo induces a very marked reorganization of the microfilament system In endothelial cells. When shears are elevated, the net effect is a redistribution of peripheral cell actin to central regions to form large central microfilament bundles, which may Increase the adhesive strength of the endothelial cell to Its underlying matrix.
Note added In proof: Subsequent to submission of this manuscript, Zane et al. (Am J Pathol 1988;133:407-418) reported stress fiber formation in the throat of a stenosis produced by applying a metal clip to the abdominal aorta of rats.
